The aerodynamic situation of a satellite-on-a-chip operating in low Earth orbit bears some resemblance to a classical Crookes radiometer. Therefore, it is possible that a non-isothermal SpaceChip may experience the same kinds of forces, due to rarefied gas effects, that cause the movement of radiometer vanes. The large area-to-mass ratio characteristic of a SpaceChip means that very small surface-dependent forces produce non-negligible accelerations that can significantly alter its orbit. When the temperature of a SpaceChip changes, the drag force can be changed: if the temperature increases, the drag increases (and vice versa). Analytical expressions available in the literature that describe the change in drag coefficient with orbit altitude and SpaceChip temperature compare well with our direct simulation Monte Carlo results presented here. It is demonstrated that modifying the temperature of a SpaceChip could be used for relative orbit control of individual SpaceChips in a swarm, with a maximum change in position per orbit of 50 m being achievable at 600 km altitude.
Introduction
In this paper we investigate rarefied gas effects on orbiting high area-tomass spacecraft. Recent advances in miniaturization enable the fabrication of such spacecraft, with sensing, computing and communication capabilities within to the dimensions of a single microchip. These are so-called "satelliteson-a-chip" or "SpaceChips" (Barnhart et al., 2007) .
Miniaturization reduces production, launch and deployment costs, hence vast numbers of 'smart dust' devices can be fabricated for use in swarm applications . Increased launch opportunities and low manufacturing costs reduce the total mission cost. For this reason the use of SpaceChips can accept higher risk in investigating new phenomena or exploring the harsh space environment. Their fundamental payload and power limitations mean that they are ideally suited for distributed sensor networks with separations of less than one kilometer. SpaceChips are cost-effective and mass-producible, and would most usefully carry out brief, but novel, distributed sensing missions in low-Earth orbit.
A high surface-area-to-mass ratio is typical of these miniature spacecraft. As mass scales with length as L 3 , while surface area scales as L 2 , the effective areal density scales as L −1 with diminishing spacecraft size. For high area-to-mass spacecraft, surface perturbations, such as solar radiation pressure (SRP) and atmospheric drag, are therefore no longer negligible. Rather than being counteracted, they could instead be exploited to generate new families of highly perturbed non-Keplerian orbits and potentially new mission applications (Colombo & McInnes, 2010) . The SpaceChip considered in this paper has dimensions of 1 cm × 1 cm × 25 µm (Atchison et al., 2010) , and an area-to-mass ratio of 17.39 m 2 /kg. Figure 1 is an example of how the acceleration due to atmospheric drag changes with area-to-mass ratio of a spacecraft.
A SpaceChip is usually considered to operate isothermally (Barnhart et al., 2007; Atchison et al., 2010) . Here we assume that this is not the case; in fact, if there is a temperature gradient across the shortest side of the SpaceChip it may experience forces akin to those generated in a Crookes radiometer (Crookes, 1875) . Objects in the exosphere can have a significant temperature difference across them: the Sun-facing side can be at a significantly higher temperature than the shaded side. Although SpaceChips are thin and would reach an equilibrated temperature quickly (Barnhart et al., 2007) , insulating layers and heater plates could be implemented to maintain Figure 1: Acceleration due to atmospheric drag against area-to-mass ratio A/m for a spacecraft at 600 km altitude.
a temperature gradient across them. Gas-molecule surface interactions are highly influenced by the surface temperature, particularly in the transition and free-molecular Knudsen number regimes. Here we will first investigate whether a temperature gradient across the SpaceChip can generate additional radiometric forces, and then we will study how the surface temperature affects the drag coefficient. Since atmospheric drag remains the most important force at the altitudes we are most interested in, it is assumed throughout this paper that the forces and accelerations due to solar radiation pressure will not be modified by any heater plates or insulating layers added. Also, the orbit perturbation due to the Earths oblateness will be neglected in this study, as it does not depend on the spacecraft parameters, hence it cannot be engineered as a means of control. This allows an investigation solely of the effects of the radiometric forces and SpaceChip temperature on the drag coefficient. Our numerical simulations use the direct simulation Monte Carlo (DSMC) method (Bird, 1994; Scanlon et al., 2007) for rarefied gas flows, and we compare our results to various analytical expressions for the radiometric force (Gimelshein et al., 2011b) and drag coefficient (Bird, 1994; Storch, 2002) , with the aim of defining the ranges of validity of these analytical expressions.
3 Finally, we propose that modifying the temperature could be used as a means of precision control in position of different SpaceChips in a swarm. We also investigate the feasibility of surface temperature changes as means of attitude control by exploiting moments created by uneven surface heating.
Rarefied Gas Dynamics
Traditionally, in the modeling of gas flows, the assumption that the fluid can be considered as a continuum is valid and the usual linear constitutive relations and no-slip and no-temperature jump boundary conditions follow (Gad-el-Hak, 1999) . However, when the gas is very rarefied or if the length scales involved in the problem become very small, the continuum assumption breaks down and some interesting and non-intuitive effects can emerge, e.g., velocity slip, temperature jump, and thermal creep. The Knudsen number,
is a measure of the degree of rarefaction in a gas. Here the mean free path λ is the average distance a gas molecule travels before it collides with another molecule, and L is a characteristic length scale. As the magnitude of the Knudsen number increases, the relative importance of gas rarefaction effects increases. The Knudsen number regimes and the appropriate flow models to be used in each of them can be summarized as (Gad-el-Hak, 1999):
• Kn → 0: inviscid flow (Euler equations);
• Kn ≤ 0.001: continuum regime (Navier-Stokes-Fourier equations);
• 0.001 ≤ Kn ≤ 0.1: slip regime (Navier-Stokes-Fourier; equations with slip and jump boundary conditions);
• 0.1 ≤ Kn ≤ 10: transition regime (Boltzmann equation or particle methods);
• Kn ≥ 10: free-molecular regime (Boltzmann equation or particle methods).
Figure 2 is a graphical illustration of these different Knudsen number regimes. In the SpaceChip system we investigate here, the mean free path will be very large, while the characteristic length scale is 1 cm, leading to a large Knudsen number. Therefore, our investigations are primarily within the free-molecular regime, where inter-molecular collisions are unlikely to occur, but gas molecule interactions with surfaces are still important. Figure 2: Knudsen number regimes, adapted from Gad-el-Hak (1999).
In the transition and free-molecular regimes the Boltzmann equation should be solved to provide an accurate solution of the gas flow, which, for a single species monatomic gas, is:
where nf is the product of the number density and velocity distribution function, ξ j and x j are the speed and position of a molecule respectively, and F j is an external force. This equation is difficult to solve analytically and numerically because of the non-linear form of the collision integral J (f, f * ), which is
reduces the pressure at the vane surface. The two effects cancel one another out and the overall result is that the pressure at the hot and cold surfaces become equal. This phenomenon has been demonstrated numerically using ES-BGK simulations (Gimelshein et al., 2011b) . As the pressure increases from the free molecular regime towards the transition regime, the radiometric force increases as the edge and shear forces become more important than the area force. The force then decreases again as the pressure increases further towards the continuum regime where no rarefaction effects are exhibited. This gives a bell-shaped force dependence on gas rarefaction, with the maximum force occurring at the point where the edge force effects are dominant. An example of radiometric forces being used for a practical purpose can be found in Ota et al. (2007) and He et al. (2009) , where remote laser heating is used to heat a vane assembly in a rarefied gas environment with application as a microactuator.
It should be noted that the flow Mach numbers produced in the rarefied gas as a result of radiometric effects are typically very small. This presents problems for any particle-based numerical simulation method that has to recover macroscopic fields from a spatial and time average of individual particle properties. Such methods include DSMC and molecular dynamics (MD): the signal-to-noise ratio is very low and the number of samples required to reduce the noise is proportional to the inverse of the Mach number squared (Hadjiconstantinou et al., 2003) . Fortunately, it is easier to recover fields such as forces that act on a given geometry, as these are measured from the difference in pre-and post-collision properties of the particles that interact with a surface.
Numerical Technique
We use the direct simulation Monte Carlo method (Bird, 1994) to obtain solutions for rarefied gas flows in the transition and free molecular regimes. DSMC is a particle-based stochastic method that is valid over the full Knudsen number range. The only constraint on using DSMC is that the gas must be dilute (i.e., the mean molecular separation should be far greater than the molecular diameter), so that only binary inter-molecular collisions are likely to occur.
The DSMC method decouples the particle movements and collisions, which enables a relatively large numerical time step size to be accessed. A single DSMC particle can represent any number of real molecules, which dramatically reduces the computational expense of a simulation. Particle movements are handled ballistically according to their individual velocities and the global time step, while interactions with the boundaries and interparticle collisions are dealt with in a stochastic manner. DSMC has emerged over the past 40 years to be the dominant numerical technique for simulating rarefied gas flows in the transition and free molecular regimes. It has been proven to provide an exact solution to the Boltzmann equation as the number of particles tends to infinity (Wagner, 1992) .
The numerical mesh for a DSMC simulation performs two separate tasks and must take into account the size of the mean free path. The dimensions of a cell should be smaller than the mean free path; the usual recommendation is that the cell dimensions are less than one third of the mean free path. This is so that macroscopic gradients can be captured with sufficient resolution. It is also normal to split each cell into a set of virtual sub-cells during the collision process. Only particles within the same virtual sub-cell are considered for collision with one another, thereby increasing the physical realism of a simulation by promoting nearest-neighbor collisions. Time step sizes must be smaller than the mean collision time (the average time a molecule takes between successive collisions), but it is also desirable that the time step is small enough that particles are likely to spend several time steps within a single cell, giving them ample opportunity to undergo a collision.
The DSMC solver used in our work is dsmcFoam, which is implemented within the open-source C++ fluid dynamics toolbox OpenFOAM (www.openfoam.org). We have previously rigorously verified and validated this for a range of benchmark cases (Scanlon et al., 2007; Arlemark et al., 2012) . The variable hard sphere (VHS) collision model (Bird, 1983 ) is implemented within dsmcFoam and provides collision cross sections that are proportional to the relative collision energy of the particle pair being considered for collision. It has been shown to provide values of mean free path that are consistent with experimental and theoretical results. The phenomenological Larsen-Borgnakke model (Borgnakke & Larsen, 1975 ) is used to redistribute energy between internal particle modes and the translational modes, and the no-time-counter (NTC) scheme (Bird, 1994) is used when determining how many collision pair candidates should be selected in order to obtain the correct collision frequency rates. The validation cases considered in Scanlon et al. (2007) were typically supersonic or hypersonic DSMC cases. The flows involved with radiometric forces are however considerably different from these kinds of flows and so dsmcFoam is validated here against previous numerical work on radiometer vanes.
The chosen validation test case is a heated plate in a vacuum chamber, which has been investigated both experimentally and numerically (Gimelshein et al., 2011b) . The gas inside the chamber is evacuated to different pressures, allowing a range of degrees of rarefaction to be tested. The plate has a constant temperature gradient across its thickness, generated by maintaining one side at 450 K and the other at 410 K. The chosen gas for simulation is helium, because it gives a larger force value than heavier gases such as argon or nitrogen. The plate dimensions are 13.12 cm × 3.81 cm × 0.95 cm and the chamber dimensions are 0.4 m × 0.4 m × 0.4 m. The chamber walls are maintained at a constant 300 K throughout and the Knudsen numbers tested range from 0.076 to 1.143 based on the VHS mean free path and the plate length of 3.81 cm. Figure 3 shows the values of the forces measured by dsmcFoam compared with those reported by Gimelshein et al., which were produced using the well known Statistical Modeling In Low density Environment (SMILE) DSMC code (Ivanov et al., 2006) , and experimental results (Gimelshein et al., 2011b) . Excellent agreement is found between the two independent codes, demonstrating that dsmcFoam is capable of capturing the flow phenomena and forces associated with radiometric applications. The dsmcFoam results also show that including the shear forces reduces the force compared to when only the pressure component is included. Figure 4 shows contours of temperature with velocity streamlines for argon as the working gas at a Knudsen number of 0.12, from both SMILE and dsmcFoam. Good qualitative agreement is found: the temperature contours are very similar, and both codes predict a large recirculation region on the hot side of the vane, with a smaller recirculation zone immediately behind the cold side.
Non-Isothermal SpaceChips
In this section it is considered that the larger sides of a SpaceChip are at different temperatures -either passively (as a result of one side facing the Sun and the other being in shade with an insulating layer between the two sides), or actively controlled through a system such as a heater plate. Alternatively, electrochromic coating could be used, but this will also alter the forces due to solar radiation pressure, which may dominate in this situation. DSMC simulations are now conducted considering a 50 K temperature difference across the thickness of the SpaceChip. While this is a very large temperature difference, the statistical nature of the numerical technique makes it prohibitively computationally expensive to simulate flows with temperatures of 5 K or below; however, low variance DSMC methods (Radtke et al., 2011) could be implemented in dsmcFoam in the future to remove this restriction. Low Earth orbit altitudes from 75 km to 1300 km are considered and SpaceChip flows are simulated in two dimensions using dsmcFoam. Comparison is then made with analytical solutions for both the radiometric force and the drag coefficient in the free-molecular flow regimes.
The case of a SpaceChip orbiting the Earth has similarities to the heated plate in a vacuum chamber. The surrounding gas is rarefied because of the extremely low gas density in the upper reaches of the atmosphere and, as outlined above, a temperature gradient is present across the 25 µm thickness of the SpaceChip (Atchison et al., 2010) . This differs from previous numerical work on radiometer vanes and similar geometries because the gas is not single species and indeed even changes composition as altitude changes. Table (NASA, 1976) . The surrounding gas temperature initially decreases with altitude, but then rises to reach 1000 K by around 250 km (NASA, 1976) . A thermal analysis (Atchison et al., 2010) of a SpaceChip geometry found that the surface temperatures of the chip would be well below the surrounding gas temperature at altitudes above 150 km.
Previous numerical work has been on vanes in stationary gases, or exposed to only very modest velocities (Cornella et al., 2010) . However, the SpaceChip will be exposed to free stream velocities of approximately 7000 m/s as it orbits the Earth. It may be expected that the extremely low den-sity wake produced behind a SpaceChip will prevent a radiometric force from being produced, but that similar rarefied gas physics should mean that the drag force acting on the SpaceChip will vary with surface temperature. Table 1 : Atmospheric composition at different altitudes, H; n is number density, i.e., the number of molecules per unit volume. The velocity at which the SpaceChip orbits in the atmosphere is
where µ Earth is the gravitational parameter of the Earth, and the orbit radius r orbit is defined as (R Earth + H), where R Earth is the radius of the Earth. The velocity U ∞ and atmospheric temperature T ∞ are given in Table 2 (the rotational velocity of the atmosphere has been neglected here). The theoretical drag forces acting on the SpaceChip at each altitude can be calculated using the drag equation,
where c D is the drag coefficient, ρ ∞ is the freestream atmospheric density, and A is the cross-sectional area exposed to the flow; c D has initially been estimated to be 2.1 for the SpaceChip geometry. It is usual for preliminary mission analysis studies to consider a constant drag coefficient in the range 2.1 -2.2 (Vallado, 2007) . Table 2 contains the calculated values for the drag forces.
Stationary SpaceChips
First, we consider SpaceChips that are artificially stationary with respect to the atmosphere, in order to help distinguish radiometric force effects from atmospheric drag. All of the altitudes and gas compositions given in Tables 1 and 2 are simulated in DSMC. Figure 5 is a schematic of the forces expected to be acting on these artificially stationary SpaceChips. The hot sides are considered to be at a constant temperature of 405 K, the cold sides are constant at 355 K and molecule-surface interactions are fully diffuse. The average temperature of 380 K is consistent with that predicted for a SpaceChip in orbit (Barnhart et al., 2007; Atchison et al., 2010) . Figure 5 : Schematic of the forces acting on an artificially stationary SpaceChip: F rad, area + edge are the edge and area forces described in §3 and F rad, shear is the shear force. Table 3 shows the information used to determine the cell sizes and time steps required to obtain reliable DSMC results. In all of our simulations, the gas is simulated as a multi-component particle mixture. The mean free path λ, mean collision time t mc and most probable thermal velocity V mp are taken from the US Standard Atmosphere 1976 (NASA, 1976) ; nEqParticles is the number of real molecules that each DSMC simulator particle represents. The parameters have been chosen so that each simulation contains the same number of DSMC particles, and that each cell in the mesh initially contains a sufficient number of particles to meet good DSMC practice. The measured statistical error in each of the force results in the stationary SpaceChip cases with a 50 K temperature difference is approximately ± 2%, which is deemed acceptable for the current work. This statistical error was calculated as the standard error in the instantaneous force measurements. Figure 6 shows the computed radiometric forces acting on the stationary SpaceChip at different altitudes. The solar radiation pressure for reflectivity coefficients c R of 1.0 and 1.8 are also shown for reference, along with the analytical drag force using a drag coefficient of 2.1. The range of applicability of this drag coefficient will be tested in a later section. Figure 6 shows that the predicted radiometric forces are around three to four orders of magnitude smaller than the expected drag forces, with the radiometric force becoming slightly more important as the altitude increases. The measured forces are all very small, but so is the mass of the SpaceChip (around 5.75 ×10 −6 kg): the acceleration due to the radiometric force at 600 km is 3.5 ×10 −9 m/s 2 . It is interesting to note that at this altitude, the accelerations due to drag and solar radiation pressure are expected to be of roughly the same magnitude. At altitudes below 600 km, atmospheric drag is the dominant force and at higher altitudes, forces due to solar radiation pressure dominate. Therefore, any rarefied gas effects that can be taken advantage of will be most effective at altitudes of up to 600 km.
An analytical solution for the radiometric force in the free-molecular regime is given in Gimelshein et al. (2011b) as:
where P is the freestream pressure, σ is Maxwell's accommodation coefficient, and T h and T c are the temperature of the hot and cold side of the radiometer vane, respectively. Table 4 compares the forces calculated using Equation (6) with those obtained from our DSMC simulations. At 75 km altitude, the flow is clearly not free-molecular and elements of collisional flow are dominating, which Equation (6) cannot account for. From 100 km and up, the flow can be considered close to free-molecular -demonstrated by the analytical and numerical results being in good agreement. We now consider a SpaceChip traveling at the velocity at which it would orbit the Earth at each altitude considered, as set out in Table 2 . We consider the maximum drag configuration, when the SpaceChip lies perpendicular to the flow. The stablization of the SpaceChip at its maximum drag configuration could be achieved by equipping the SpaceChip with a long, thin, wire antenna, although this proposal has not yet been verified. In this case, a near vacuum wake will be produced immediately downstream of the SpaceChip. It is therefore possible that the gas flow will not experience the temperature gradient between the two faces. In order to test this, isothermal cases are also performed where the SpaceChips are orbiting at a uniform temperature equal either to that of the hot face or the cold face of a non-isothermal SpaceChip. Table 5 shows the forces computed on non-isothermal SpaceChips traveling so the gas is incident on either the hot (see Figure 7 , left side) or cold (see Figure 7 , right side) face of the SpaceChip, F hot and F cold respectively. The measured statistical error for these forces is around ± 0.015%, and the difference between the two forces at each altitude is comfortably outside of this statistical error range (for all altitudes above 75 km). Table 6 compares the drag forces on the isothermal SpaceChips at 800 km with those for the non-isothermal SpaceChips at the same altitude. The temperature for each non-isothermal case is the temperature of the side of the SpaceChip that the gas flow is incident on, while in the isothermal cases the whole SpaceChip is at the stated temperature. The forces are very similar and fall within the measured statistical error of ± 0.015%. Therefore, as expected, there is no radiometric contribution to the overall force acting on a SpaceChip in orbit, because the region immediately downstream of the SpaceChip is effectively a vacuum. The only force that needs to be accounted for is a standard aerodynamic pressure drag force for this maximum drag configuration.
Despite there not being any substantive radiometric force contribution, it is still evident that when the surface temperature of the SpaceChip changes, the drag force changes: an increase in temperature increases the drag. Although this is not a radiometric force, it can be understood through the same reasoning considered previously for the free-molecular pressure force contribution to the overall radiometric force. At altitudes of 100 km and above, the gaseous flow is in the free-molecular regime, so inter-molecular collisions are not significant. The pre-interaction momentum remains unchanged as the surface temperature changes. When molecules collide with the surface they are reflected, but do not deflect oncoming molecules as would happen in the transition and continuum regimes. This means that the molecule flux hitting the surface is unaffected by the surface temperature, and so the pressure at the surface which results in the drag force is simply related to the difference in momentum of molecules before and after they interact with the surface.
As it has been demonstrated that it is the temperature of the side on which the gas is incident that is important, and not the temperature difference between the two sides, we consider all SpaceChips to be isothermal in the remainder of this section. The results from Table 5 can still be used for this purpose, as the results in Table 6 demonstrate. The difference in the drag forces on a hot and on a cold SpaceChip is defined as
Then the ratio of the force acting on an isothermal SpaceChip at the average temperature F av. to F ∆ can be used to define how much of an effect changing the spacecraft's temperature has on the drag force. A set of DSMC simulations at the average temperature of 380 K were performed. Figure 8 shows a plot of this ratio F av. /F ∆ varying with altitude, with F hot and F cold being found for temperatures of 405 K and 355 K respectively. Clearly F ∆ increases (relative to the drag force at the average temperature F av. ) with altitude. Since the drag force can be changed by changing the surface temperature (provided no other parameters are altered), it is concluded that the drag coefficient is changing with the spacecraft's temperature.
Drag Coefficient
There are several analytical solutions available for calculating the drag coefficient of a flat plate in a free-molecular flow. Two different expressions are given in Storch (2002) non-hyperthermal flow, where a hyperthermal flow is defined as one in which the thermal component of the gas molecular velocities is negligible compared to the macroscopic velocity, i.e., U ∞ ≫ V mp . It is not always certain that the flow in the current work can be considered hyperthermal (e.g., at 1000 km, V mp /U ∞ = 0.315) and so both forms of the analytical expression are considered here. The hyperthermal and non-hyperthermal equations are given as
and
respectively, where
s is the molecular speed ratio, k is the Boltzmann constant, T w is the SpaceChip temperature and m is the molecular mass. Note that as s tends to ∞, Equation (9) reduces to Equation (8). A further analytical expression from Bird (1994) is given as
where ε = 1 − σ. In Figure 9 , results from Equations (8) - (11) are compared to the drag coefficients obtained from our DSMC simulations for flow incident on a SpaceChip with a surface temperature of 405 K.
The three different analytical expressions and our DSMC solution follow the general trend of drag coefficient increasing with altitude, with the DSMC solutions within 5% of the analytical results. The DSMC results do not match the analytical solutions at 75 km and 100 km: in §5.1 it was established that the flow is not free-molecular at 75 km, so this is expected. However, at 100 km the flow is free-molecular for the case of a stationary SpaceChip, but this does not appear to be the case for an orbiting SpaceChip. The large velocity leads to an increased density at the forward stagnation point and this increase in density is large enough to reduce the local mean free path, making inter-molecular collisions important in the stagnation region, despite them being negligible in the freestream. All of our work has so far considered fully diffuse surfaces, but the drag coefficient is expected to be highly sensitive to different values of the accommodation coefficient. For example, Table 7 shows the drag coefficients obtained using Equation (11) for a surface temperature of 355 K, but with different accommodation coefficients. A vacuum environment has a 'cleaning' effect on surfaces and results in a surface that is less than fully accommodating (Bird, 1994) . It is clear that a real surface, for which σ < 1, may have a significantly greater drag coefficient than a perfectly diffuse surface. The pressure at a surface is related to the difference between the incident and reflected momentum of gas molecules through
where N s is the total number of molecules incident on the surface of area A in a time period t s , ξ n is the component of the molecular velocity normal to the surface, and the superscripts in and re stand for "incident" and "reflected", respectively.
In the case of a specular reflection, the normal component of the incident velocity simply changes sign. For the SpaceChips considered here, the magnitude of the reflected normal component from a diffuse reflection will (on average) be smaller because the surface temperature T w is lower than the free-stream temperature T ∞ . A reduced accommodation coefficient means an increased number of specular reflections, and hence an increase in the drag coefficient. The SpaceChip will not equilibrate to the free stream gas temperature as the power flux from the incident gas molecules is negligible compared to that from the radiation from the sun, and so does not greatly affect the radiative energy balance when calculating the SpaceChip temperature.
Determination of accommodation coefficients are often made experimentally and must take into account the surface material, surface roughness and gas composition. For example, in Graur et al. (2009) the accommodation coefficients for silicon micro-channels conveying argon and nitrogen gas are determined by comparing experimental results for the mass flow rates with analytical solutions for Poiseuille flow. Molecular dynamics simulations can also be used to determine accommodation coefficients, but it is important to use accurate molecule-molecule and molecule-surface interaction potentials, and this data is not always readily available (Daun, 2011) . Table 7 : Drag coefficients from Equation (11) for different surface accommodation coefficients. The magnitude of the changes in the drag force that can be obtained by increasing or decreasing the surface temperature are relatively small, producing a difference O(10 −14 ) N for a 25 K temperature increase or decrease. The difference in drag force will be much smaller for smaller temperature changes, but the statistical nature (and low signal-to-noise characteristics) of DSMC makes simulating such small temperature differences impractical. However, a small change in drag force could be used to advantage in missions involving swarms of SpaceChips. If a means of controlling the temperature of individual SpaceChips can be implemented, e.g., through an integral heater plate, it will be possible to use this change of temperature as a control method for changing the relative positions of individual SpaceChips within a swarm. The magnitude of the force would be predictable and repeatable and the fact that it is extremely small would allow for precise position control of individual SpaceChips. This close control application would be most applicable at orbit altitudes between 200 km and 600 km, where modifying the drag coefficient can have a decisive effect on the overall force acting on a SpaceChip. Figure 10 shows the predicted drag coefficients from our DSMC simulations alongside the analytical solutions at 600 km, as the temperature increases from around the minimum to the maximum predicted temperatures for a SpaceChip (Barnhart et al., 2007; Atchison et al., 2010) . The DSMC results match the analytical expressions well, particularly the nonhyperthermal flow solution of Equation (9). It is clear that it is possible to exert a small degree of control over the drag coefficient at this altitude through modifying the surface temperature.
Position Control
Assuming a SpaceChip of dimensions of 1 cm × 1 cm × 25 µm with a density equal to that of silicon (2300 kg m −3 ), the total control acceleration available between temperatures of 200 K and 405 K is 2.9 × 10 −6 m s −2 . For a circular orbit at 600 km, having a period of 5820 s, the inter-spacecraft change in velocity ∆v per orbit is 0.017 m s −1 and the inter-spacecraft displacement ∆s per orbit is therefore 50 m. This means that it is possible to alter the position of a single SpaceChip with respect to another one by up to 50 m in a single orbit by modifying the surface temperature to increase or decrease the drag coefficient. Smaller temperature differences will lead to smaller ∆s, e.g., changing surface temperature from 300 K to 355 K gives a control acceleration of 7.05 × 10 −7 m s −2 and ∆s per orbit is reduced to 12 m. This demonstrates that very small temperature differences could be used to produce useful values of ∆v and ∆s for performing position control. A drag coefficient of 2.1 is commonly used when performing preliminary SpaceChip mission analysis but, as we have shown, the drag coefficient (considering fully diffuse surfaces) can vary from around 1.9 to 2.5 as altitude and SpaceChip temperature increases. When more realistic accommodation coefficients of less than 1 are considered, the drag coefficient values are even greater.
Until now, it has been considered that the SpaceChips will remain perfectly perpendicular to the flow, and that they are at exactly the same altitude. In reality, this is not sustainable (e.g., due to the effect of variable wind direction on drag); therefore, a disturbance analysis is carried out. To study the effect of aerodynamic disturbances on inter-spacecraft displacement per orbit, it is first considered that one SpaceChip remains at the maximum drag configuration, while the other can have angles of attack up to ± 20°from the maximum drag configuration. We then consider that two SpaceChips with the same attitude can be at different altitudes. The distance between two SpaceChips in a distributed sensor network is not likely to be greater than 1 km, as discussed in §1, so an analysis of an altitude separation of up to 4 km is considered sufficient here. The drag coefficients for the analysis have been calculated using Equation (11).
In order to study the effect of the angle of attack on the inter-spacecraft displacement of two SpaceChips at different temperatures and an altitude of 600 km, the parameter ∆c D is introduced:
when the SpaceChip at 200 K is at constant angle of attack or the one at 405 K is at constant angle of attack, respectively. Figure 11 shows the variation of ∆c D for different angles of attack, where |∆α| is the difference in angle of attack between the two SpaceChips. When the SpaceChip at 405 K has its angle of attack varied with respect to the one at 200 K, it is clear that the change in drag coefficient decreases, hence a smaller control acceleration is available in this situation. Until the situation where the 405 K SpaceChip has an angle of attack of 77°or 103°(∆α = 13°) it is still possible to create a positive control acceleration. For example, using Equation (11), when both have α = 90°the inter-spacecraft displacement in one orbit is 59 m, but when the 405 K SpaceChip has an angle of attack of 11°this is reduced to 14 m. On the other hand, it is found that varying the angle of attack of the SpaceChip at 200 K always increases the control acceleration available. When the 200 K SpaceChip has an angle of attack of 11°, the inter-spacecraft displacement in a single orbit is increased to 100 m.
If two SpaceChips are not at the same altitude, they will experience slightly different forces due to the different atmospheric densities and orbital velocities. Here, we consider an altitude of 600 ± 2 km. If the 405 K SpaceChip is at 602 km and the 200 K one is at 598 km, the control acceleration available is 1.58 × 10 −6 m s −2 , which is around half that available when both are at an altitude of 600 km. If the 200 K SpaceChip is at 602 km and the 405 K one is at 598 km, the control acceleration is around double that when both are at 600 km: 5.25 × 10 −6 m s −2 . Note that, if we assume that the change in temperature does not affect the reflectivity coefficient, the characteristic acceleration due to solar radiation pressure can be considered constant in low Earth orbit at 602 and 598 km. In addition, it has been demonstrated (Atchison et al., 2011) , at altitudes of around 600 km and a length scale of 1 cm, that accelerations due to drag are more significant than those due to solar radiation pressure. In addition, it has been shown that the accelerations due to magnetism, in the form of Lorentz accelerations, are significantly less important than atmospheric drag accelerations at this altitude.
For both attitude and altitude differences, it is clear that the aerodynamic disturbances can enhance or restrict the level of position control available to a SpaceChip operator. Position control is still achievable in all but one of our studied disturbances.
Attitude Control
Previously it was considered that the SpaceChip temperature was uniform. But if the temperature could be modified non-uniformly it should be possible to create a moment around the center of mass. This moment could be used to change the attitude of individual SpaceChips. A similar strategy for attitude control was proposed for the IKAROS solar sail mission, although based in that case on changing the reflectivity coefficient: a solar sail was designed with some variable reflectance elements loaded near the tips of the sail membrane. By changing the reflectivity coefficient, control of the spin direction was achieved (Kawaguchi et al., 2009) . In a similar way here, a change of drag coefficient can be exploited to control the attitude of a SpaceChip (or even a solar sail in the atmosphere) without the use of a propellant.
In order to test if it is indeed possible to create a moment that could be used to control the attitude of individual SpaceChips at an altitude of interest (identified as 600 km), a SpaceChip with a non-uniform temperature is considered: one half of the SpaceChip is maintained at 355 K, and the other half at 405 K, see Figure 12 . We performed a two-dimensional DSMC simulation of the above geometry at 600 km, and measured the moments around the center of mass of the SpaceChip at steady-state. With respect to Figure 12 , the moments considered here will be around the z-axis. A moment of -1.78 ×10 −12 Nm is produced by the hot half of the SpaceChip, while the cold side produces a moment of 1.77 ×10 −12 Nm. The overall moment around the center of mass is -1 ×10 −14 Nm, so the SpaceChip will rotate slowly in an anti-clockwise direction. The moment of inertia of the SpaceChip geometry considered here is 4.79 × 10 −11 kg m 2 ; therefore an angular acceleration of 1.2 × 10 −2 deg s −2 (2.1 × 10 −4 rad s −2 ) is induced.
Similar to position control, disturbance torques can be important in any spacecraft and here we perform an analysis of these disturbances. Larson & Wertz (1999) states the most important disturbance torques are gravity gradient, solar radiation, magnetic field, and aerodynamic force. The gravity gradient torque T g is calculated as (Larson & Wertz, 1999) :
where I x and I z are the mass moments of inertia around the x and z axes of Figure 12 , respectively, and θ is the angular deviation from the local horizontal. The maximum gravity gradient disturbance for the 20°angle of attack disturbance at 600 km considered is considerably less than the control torque available; 2.88 × 10 −17 Nm, and so is not important. The magnetic field torque is given by T m = DB, where D is the residual dipole of the SpaceChip, and B is the Earth's local magnetic field. We assume best and worst case residual magnetic dipoles of 2.5 × 10 −10 Am 2 and 2.5 × 10 −9 Am 2 , respectively (Atchison et al., 2011) . The worst case magnetic field at the poles for an altitude of 600 km is 4.69 × 10 −5 T, reducing to half of this in the best case at the equator. This gives a worst case magnetic torque of 1.17 × 10 −13 Nm and a best case of 5.86 × 10 −15 Nm. The magnitude of the control torque is slightly greater than the best case magnetic disturbance, indicating that a small amount of attitude control could be exercised around the equator for this example. Nearer the poles the disturbance torque is greater than the control torque we calculated would be available.
The aerodynamic torque is:
where c pa is the center of pressure, and c g is the center of gravity. The center of pressure position with changing angle of attack has been estimated using Avanzini's law (Villamil, 1912) :
where L is the SpaceChip length. With this estimate for the position of c pa and assuming that the center of gravity is at the geometrical center of the SpaceChip, the magnitude of the aerodynamic disturbance torque is found to be greater than the control torque of 1 ×10 −14 Nm once the angle of attack is ± 5°from the maximum drag configuration. At our 20°maximum disturbance, the aerodynamic torque is much larger than the control torque; 1.2 × 10 −13 Nm. The solar radiation pressure disturbance torque is related to the difference in position between the center of gravity and the center of solar pressure. Since we are considering that the solar radiation pressure forces and accelerations remain constant as the temperature changes, our center of solar pressure will not move, and we assume it is at the same position as the center of gravity; hence, there is no disturbance torque due to solar radiation pressure in our current analysis.
Conclusions
An analysis of rarefied gas effects on the aerodynamics of orbiting nonisothermal SpaceChips has been performed using the DSMC computational method, and the results have been compared where possible with analytical solutions for free-molecular flow.
A non-isothermal SpaceChip that is stationary with respect to the atmosphere experiences a free-molecular radiometric force at altitudes of 100 km and above. When an orbiting velocity is incorporated, no evidence of radiometric forces was found because no molecules are able to interact with the trailing surface of the SpaceChip as the wake behind it is effectively a vacuum.
Free-molecular analytical solutions for the drag coefficient are in good agreement with our numerical results for altitudes of 200 km and above. It was found that the drag coefficient can vary from 1.9 to 2.5 for a SpaceChip temperature of 405 K as the altitude increases from 75 km to 1300 km. Small changes in drag coefficient with changing surface temperature at the same altitude have also been found. For example, at 600 km, increasing the SpaceChip temperature from 200 K to 405 K resulted in the drag coefficient changing from 2.15 to 2.2. Reducing the surface accommodation coefficient in order to consider a more realistic surface that has been 'cleaned' by exposure to a vacuum environment led to further increases in the drag coefficient: as high as 3.36 for an accommodation coefficient of 0.5 at 1300 km.
At altitudes below 600 km, atmospheric drag forces have been found to dominate in comparison to forces due to solar radiation pressure. At altitudes of up to 600 km advantage could be taken of changing the drag force to create a decisive change in the overall force acting on a SpaceChip. Although the change in force would clearly be very small, the high area-to-mass ratio of a SpaceChip means that the accelerations due to this change in force are relatively large. This could be advantageous for precision position control of individual SpaceChips within a swarm. At 600 km, it has been found that the position of a single SpaceChip can be altered by up to 50 m in a single orbit by modifying its surface temperature between the highest and lowest predicted temperatures for a SpaceChip in orbit. An analysis of disturbances indicated that a degree of control was available for two SpaceChips with slightly different attitudes and altitudes as they may have in reality.
A natural extension to the opportunity for position control would be that of attitude control by non-uniformly modifying the temperature of a SpaceChip. It has been demonstrated that torques could be produced in this way, but a disturbance analysis has indicated that aerodynamic disturbances will prevent attitude control slews of greater than 5°at 600 km. In addition, the magnetic field disturbance torque makes any attitude control unfeasible for the SpaceChip we have considered, unless it is orbiting near the equator.
